In the past few decades, radar reflectivity data have been widely used in thunderstorm identification research. Many thunderstorm identification algorithms for ground-based weather radar have been developed. But for airborne weather radar, due to the relative scarcity of data, the thunderstorm identification research is insufficient and there are still few effective identification methods. Airborne weather radar has the realization capability of close-range detection, but most existing airborne weather radars do not have scanning capability. This paper proposes an airborne weather radar volume scan mode, under which there is a total of 31 sector scans at 31 elevations in a volume scan. And a reflectivity data simulation model of the airborne weather radar is established based on this scan strategy, then the ground-based X-band radar reflectivity data are used as input to obtain the simulated X-band airborne radar reflectivity data. Moreover, this paper studies a thunderstorm identification algorithm for the X-band airborne radar with the proposed scan mode. An improved SCI (storm cell identification) algorithm is proposed on the basis of the traditional SCI algorithm which is applicable to S-band ground-based weather radar. The results of thunderstorm identification carried out on the simulated airborne radar data show that the algorithm can effectively identify the thunderstorm cells in the mature stage and the developing stage.
Introduction
As an extension of weather radar, airborne weather radar can detect weather system at a close range, making up for the inflexibility of ground-based radar and scant meteorological information with low resolution of space-based radar caused by the long-distance [1] . It is very difficult for civil aviation aircraft to grasp the meteorological dynamics on air route just rely on the information of ground weather stations. The airborne weather radar can detect the weather conditions in front of the flight in real time during flying and feedback the information, such as the location and intensity of a meteorological target, to the pilot, which is conducive to choose safe routes to avoid thunderstorm and other weather threatening aviation safety. Several countries started to do researches on airborne atmospheric sounding system earlier (e.g., USA, Britain, France) [2] . Here are some representative airborne weather radars and the information shown in Table 1 .
Except that the Spider is capable of limited crossscanning, most of the above radars have no scanning capability. This paper proposes an airborne weather radar with volume scanning mode, something similar to WSR-88D (Weather Surveillance Radar 1988 Doppler in America) radar. Beginning from the lowest elevation, the radar scans the sector in front of the aircraft with the maximum detection distance as the radius, and raises its antenna by 1°to scan the next elevation every time ends the current elevation scan. A volume scan data will be formed until the highest elevation angle scan ends. In this way, the radar will be able to obtain enough high resolution echo information of the space ahead of flight. It may play an important role for the future meteorological research especially severe weather such as thunderstorms, which contributes to improving weather monitoring and ensuring flight safety. Thunderstorm, refers to the deep moist convection phenomenon and accompanied by lightning, thunder, rainstorm, gale, turbulence, hail and etc. as a rule, is an important component of disastrous weather in China (Yu X et al. 2012 ) [3] . Thunderstorms threaten aviation safety and affect aviation operations. According to the statistics of civil aviation organizations, the accidents directly and indirectly caused by thunderstorms account for more than 50% of all the flight accidents caused by meteorological reasons (Wei X et al. 2013 and Zhang X 2011) [4, 5] . Improving the ability to identify thunderstorms is of great significance for forecasting and early warning and further reducing risks and losses. Thunderstorms are characterized by short life cycle, small range, and strong destructive power. Since ground-based radar is far away from storms and has limited detection accuracy, airborne radar has become an effective means of realtime detection and warning with its high spatialtemporal resolution.
At present, threshold segmentation method [6] [7] [8] [9] [10] , algorithm based on image processing [11] , Gaussian mixture model [12] , cluster analysis [13] , and machine learning [14] [15] [16] [17] [18] [19] [20] [21] [22] have been used for convective target identification. Especially, the method based on machine learning is widely used in radar meteorology and hydrology research and in recent years, such as fuzzy logic, decision tree and neural network, etc. Through the identification of hydraulic condensate particles (e.g., Dolan B 2008 and Liu Y 2014) [18] [19] [20] and the inversion of soil moisture (e.g., Jing Liang et al. 2017 and 2018) [21, 22] , the law of solid-liquidgas three-state transformation in hydrological process is explored, which provides hydrological basis for engineering construction management and human activities. But the results of the machine learning algorithm depend on the accuracy of the input data, so it is not suitable for the simulation data in this paper for the time being. However, threshold segmentation is a mature technology among the methods mentioned before. In the past few decades, there are many innovation researches based on threshold segmentation proposed. For example, Dixon et al. (1993) proposed TITAN (Thunderstorm Identification, Tracking, Analysis, and Now Casting) algorithm to identify convective storms using a single reflectivity threshold of 30dBZ [6] . Han et al. (2009) made some improvements on TITAN algorithm, called ETITAN, using multiple thresholds to identify convective storms, solving the false segmentation phenomenon when storms are separated by introducing corrosion and expansion in mathematical morphology [7] . Wang L et al. (2017) established a simulation model for airborne weather radar and used improved region segmentation method and TITAN algorithm to identify severe storm [8] . Kyznarová et al. (2009) used 44 dBZ as a threshold to identify convection cell [9] . Johnson et al. (1998) proposed the SCIT algorithm (the storm cell identification and tracking algorithm) which regards convective targets as 3D structures and uses seven reflectivity thresholds to identify severe storms through three steps of identifying cell segments, cell components, and storm cell successively [10] . The algorithm was developed for use on WSR-88D in America, and later on a new generation of Doppler weather radar (CINRAD) in China. In the past few years, many Chinese researchers have made relevant researches on severe convective weather based on SCIT or its improvement algorithm (e.g., Huang L 2014 and Lu D 2015) [23] [24] [25] [26] . It is evidenced that SCIT algorithm has higher recognition rate for convection cell with high reflectivity intensity, as it can correctly identify 68% storms with maximum reflectivity factor over 40 dBz and 96% storms with maximum reflectivity factor over 50 dBz (Han L et al. 2007 ) [26] . Because of convection cell's growth and dissipating, the multi-threshold method has a better identification effect than a single threshold. Ultimately, this paper conducts a study on the thunderstorm identification algorithm based on SCI algorithm, storm cell identification part of SCIT algorithm.
Methods
This experiment mainly applies the simulated airborne weather radar reflectivity to achieve thunderstorm identification, thus realizing the cross-validation of simulation data and identification algorithm. Therefore, this section introduces the establishment of the reflectivity data model of airborne weather radar and the research and verification of the thunderstorm identification algorithm.
Airborne radar data simulation
As the parameter selection of the simulation model is determined by the data format of the input data and the output data, the data format is closely related to the scan mode of the radar. Therefore, this section introduces the radar scan method of data source and target data and the method of establishing a simulation model respectively. 
Data source of simulation
Ground-based weather radar data used to simulate in this paper is from one X-band radar of Yangjiang 8th International Radio-sonde Inter-comparison held successfully by WMO from 12 July to 1 August 2010 [27] . Yangjiang, a prefecture-level city under the jurisdiction of Guangdong Province, locates on the southwest coast of Guangdong Province and is the direct hinterland of the Pearl River Delta and the frontier of western Guangdong facing the Pearl River Delta (Fig. 1a ). The topography is mainly low mountains and hills, which is a subtropical monsoon climate zone with obvious marine climate. Convective weather is frequent in July and August here, which is favorable for observation. In this experiment, 20 kinds of remote sensing instruments including one S-band weather radar, two X-band dualpolarization radars, and two millimeter-wave radars were used to carry out a series of observation experiments ( Fig. 1b ). This experiment realizes continuous cooperative observation of one target, which is conducive to achieving the purpose of sounding observation comparison of different observation equipment.
For the reason that X-band radar is small in size, short in detection distance and low in cost, it is convenient to be airborne. We select one X-band radar data of convective cells observed on 20 July as the source of simulation. And its scan parameters are shown in Table 2 .
Airborne weather radar scan mode
The airborne weather radar proposed in this paper begins scanning from the lowest elevation − 15°. The scanning area is a fan-shaped area with azimuth ranges from − 60 to 60°centering on aircraft heading and a radius of 60 km ( Fig. 2a ). The radar raises its antenna angle by 1°and scans the next elevation after ends the current elevation scan. And it will form a volume scan data when the last elevation 15°is the end of scanning (Fig. 2b) .
The parameters of the scan mode are shown in Table 3 . It can be known that there are 31 elevation scans in a volume, 120 radials per elevation scan and 600 sample volumes per radial scan. Therefore, every volume scan data has totaling 2,232,000 sample volumes. By further calculation, this airborne weather radar has a maximum vertical depth of 31 km at the range of 60 km ahead of the flight altitude approximately. If the radar is in a good position to the thunderstorm, it will obtain more detailed echo information of storms, and even the entire thunderstorm with a small scale.
Method of simulation
As Fig. 3 shows, the X-band ground-based radar station is the coordinate center, a plane carrying on the airborne weather radar is set to fly at the altitude H (set as 10 km) above the radar station vertically and its heading is θ 0 . Regardless of the impact of the aircraft's flight speed on the radar detection data, meaning that the aircraft and the ground-based radar remain relatively stationary during the process of detection, the data obtained by the airborne radar should be basically consistent with the ground-based radar. According to the scanning mode introduced in section 2.2, the airborne weather radar scans at elevation φ2 which range from − 15 to 15°, respectively (φ2 max means 15°) and scans the sector with left and right a maximum azimuth of 60°c entered on the heading and a maximum detection range of 60 km in every elevation scan. And there are total 2,232,000 sample volumes in a volume scan data. Assuming P is the center of a sample volume of the data, if airborne radar reflectivity data is converted to rectangular coordinates, the point P (x, y, z) should meet Eqs. (1) and (2).
The reflectivity data model of airborne weather radar can be established by the above two formulas. However, only those points within the X-band scanning range can be calculated from the X-band radar data. φ1 is the elevation angle of point P relative to the horizontal plane, and only the points satisfying Eq. (3) could get the value of the reflectivity factor.
The reflectivity data of point P can be obtained by 8-point adaptive Barnes interpolation [28, 29] . Find the two elevations of the X-band ground-based radar closest to point P, the two radials closest to point P in each elevation angle and the two sample volumes closest to point P in every radial, eight sample volumes in total as f 1~f8 in Fig. 4 . Set the index of these sample volumes is i. Through the known reflectivity Z i and the information including the distance to the radar station R, the azimuth θ, the elevation φ1 of f i (R i , θ i , φ1 i ) and P(R P , θ P , φ P ), the reflectivity of point P Z P can be calculated by Eq. (4).
Here, w is weight coefficient of radar raw data sampling point, K r , K θ , and K φ are smoothing parameters of the radial distance, azimuth, and elevation direction and respectively take 1.0, 0.67, and 0.67 in this paper, N is the total number of sample volumes in the area of influence of the reflectance value and is taken as 8 (Huang Y et al. 2008 ) [29] . When all the sample volumes of the airborne weather radar reflectivity data are judged and calculated by the above method, a complete reflectivity volume scan data of the airborne weather radar can be finally obtained.
Thunderstorm identification
This section first introduces the life process of thunderstorms and their radar echo characteristics, which provides a theoretical basis for subsequent verification of thunderstorm identification results. Then the thunderstorm identification algorithm is introduced in detail, including the thunderstorm identification process, parameter selection, and the calculation method of key attributes.
Radar echo characteristics of thunderstorms
Convection cell is a cumulonimbus tower with a horizontal scale ranging from 1 to 2 km to a cumulonimbus system with dozens of kilometers. Convection cell is defined as a continuous region where reflectivity intensity greater than 45 dBZ on the radar echo map. Thunderstorm cell is a system composed of a convection cell with a horizontal range from 10 km to tens of kilometers and a vertical structure that can extend to the whole troposphere. As Fig. 4 shows, the life span of the thunderstorm cell can be roughly divided into three stages: towering cumulus stage, mature stage, and dissipating stage (Byers and Braham 1948) [30] . The towering cumulus stage is also called the development stage where there is a consistent updraft through the whole cloud and the cloud column develops upward ( Fig. 5a ). First of all, the radar echo of the thunderstorm cell in this stage is shaped massive or banded, with dense internal structure and clear edges. What is more, the cell's scale is not very large and its reflectivity intensity is not too high but both of which are developing rapidly. The horizontal scale is about 1 km and the vertical scale is slightly larger than the horizontal scale. The reflectivity intensity gradient in the vertical The difference below threshold (reflectivity) in effective reflectivity that a sample volume may still be included in a cell segment 5
Dropout count(unit) The maximum number of contiguous sample volumes with a reflectivity factor less than the threshold (reflectivity) by less than or equal to the threshold (dropout reflectivity difference) that may be included in a cell segment direction is apparent. As for the thunderstorm cell at the maturity stage, it is characterized by the beginning of precipitation and the generation of downward flow with updraft penetrating the cloud column above downward flow ( Fig. 5b ). Thunderstorm cell at this time is presented as large echo blocks with dense internal structure, clear edges, and locally scattered on plane position display (PPI) image. In addition, the reflectivity intensity is very large, and on the side with a larger gradient, bounded weak echo area, and hook echo can be seen. In the extinction stage, downward flow gradually prevailed and finally completely replaced the updraft (Fig. 5c ). Thunderstorm cell in this stage still has a large scale of echo on PPI, but its internal structure is loose and its edge is scattered with continuously decreasing scale and intensity. Besides, the strong echo is mainly distributed in the middle and lower part of the cloud column and its height is continuously decreasing. The echo top is still high, but the reflectivity intensity gradient is obviously decreased.
Thunderstorm identification algorithm
In this paper, a thunderstorm identification algorithm based on SCI algorithm is studied and verified by simulated airborne X-band radar volume scan data. Considering that the threshold of SCI algorithm is proposed based on S-band radar, X-band radar has marked attenuation especially in convective cloud observation [28] . Although the sample volume by sample volume method [32] [33] [34] has been made to the correction attenuation of X-band airborne weather radar data in this paper, there still be an insufficient correction. Therefore, seven default reflectivity thresholds are reduced by 5 dBZ. In addition, in order to prevent small thunderstorm cell from being missed, the threshold of the component area is changed from 10 km 2 to 1 km 2 . The algorithm is carried out according to the steps of cell segment search, cell component search, and storm cell search.
Cell segment search
Cell segment is defined as a radial sequence of reflectivity by a radial processing technique. These segments are runs of contiguous The minimum effective reflectivity which the reflectivity factor of a sample volume must meet or exceed to be included in a cell segment sample volumes with reflectivity values greater than or equal to threshold (reflectivity) and have a combined length greater than threshold (segment length). Also, a segment may contain contiguous sample volumes which are within threshold (dropout reflectivity difference) and whose number should meet threshold (dropout count). In this topic, these thresholds of cell segment search are given in Table 4 .
According to the storm cell segment identification parameters in Table 4 , Fig. 6 gives an ex-ample of identification results of storm cell segments.
Each identified cell segment has the following attributes in Table 5 .
According to the position and intensity of the reflectivity factor contained in each segment, MWL and MWLS of the storm cell segment are calculated by Eqs. 
Here, dBZE is the reflectivity factor of a sample volume, R k is the slant range from radar to the center of a sample volume. (Fig. 7) . All identified cell segments are traversed in sequence according to seven default reflectivity thresholds. The first segment traversed is taken as the beginning segment of a cell component. And if the next segment meets threshold (azimuthal separation) and threshold (segment overlap), it will be merged into the component and taken as the ending seg- Table 6 .
Cell component search Cell component is a sector set of segments in an elevation scan
Each identified cell component has the following attributes in Table 7 .
Based on the attributes of segments contained, the MC of a component can be calculated by Eq. (7) .
Where, i is an index of cell segments in a storm component, a total of n. And j is an index of the elevation scan at which the cell segment is located. SVL is the range of sample volume (0.1 km in this paper). And DELAZavgDELAZavg j is the average azimuth in an elevation scan, the average difference in horizontal azimuthal position of the adjacent radials (1°in this paper). The centroid, called the mass-weighted center as well, of a component can be calculated based on MC by Eqs. (8) and (9) .
XC and YC are the x-coordinate and y-coordinate, respectively, of the cell centroid components. The cell components included in each elevation are identified by seven default thresholds. If the centroid of a cell component with a larger reflectivity threshold is within the one with a smaller reflectivity threshold, the smaller one will be discarded and only the larger one is retained.
Storm cell search
A storm cell is formed by the components vertically correlated (Fig. 8) . Starting from the lowest elevation, the centroid of the components at adjacent elevation scans are compared in the horizontal plane. All the components included in an elevation scan are sorted by decreasing mass and the largest one is compared first. For each component in the current elevation scan, the distance between the center of every component in the next elevation scan and that of this component is compared according to three specified search radii (set as 5 km, 7.5 km, and 10 km) in turn. Similarly, the comparison is carried out on every component of each elevation angle and the component of the next elevation. The correlated storm components are combined to form a threedimensional storm cell which has the attributes in Table 8 .
In addition, some important attributes are described in detail as follows: 
Where n is the total number of components included in a storm cell and k is the index, DCH is the height of 11) and (12) as follows:
XSC and YSC are the x-coordinate and y-coordinate of the storm cell centroid. 
(d) ZMAX and HZMAX
Traversing all reflectivity factor of the storm cell and taking the maximum value of dBZ and the height thereof as the ZMAX and HZMAX, respectively.
(e) VIL
The VIL (vertically integrated liquid) can be calculated by Eq. (13) as follows: 
Here, N is the total number of components in a storm cell, and i is the index, Z i means DBZEC max , is the maximum reflectivity factor of the component. Δh i is the height difference between two components in adjacent elevation scans of component i. In this paper, when calculating, the maximum threshold value of reflectivity factor is set to 56 dBZ (adjustable). That is, those with intensity below 56 dBZ are treated as liquid water, and those above 56 dBZ are calculated as 56 dBZ.
Traversing all the identified storm cells, if two storm cells have no cell components existing in a common elevation scan and meet the threshold shown in Table 9 at the same time, they can be combined into one storm cell.
When two adjacent storm cells satisfy any threshold in Table 10 below, the storm cell with smaller VIL in the two storm cells will be deleted.
Results and discussions
Thunderstorm identification results of airborne weather radar data simulated by X-band ground-based radar data at 04:58 UTC on July 20, 2010, are taken as an example for analysis. The PPIs of X-band radar reflectivity factor images are shown in Fig. 9 . The simulation results after attenuation correction are shown in Fig. 10 (only ground-based radar data from 0 to 120°are used). And Fig. 11 is the retention of more than 25 dBZ based on Fig. 10 . At the range of 20~30 km in the elevation scan of − 15°, there are two areas of reflectivity factor greater than 25 dBZ (Fig. 11) . The one near 30 km is very small and decreasing along with the elevation angle increasing, which will not be identified as a thunderstorm cell for that it cannot meet the threshold (component area). However, the other one near 20 km has enough echo in elevations from − 15°to − 9°with high reflectivity factor so that it can be considered as a thunderstorm cell. What's more, as the elevation angle increases, an echo region appears at the range of 30~40 km with high reflectivity and gets clearer from − 14°to − 8°, which may be another thunderstorm. In addition, there are some no-echo areas in these two areas in some elevation scans, which should be caused by serious attenuation of Xband radar echo to strong convection. These no-echo areas may be the strong echo center of thunderstorm cells. To sum up, there may be two thunderstorm cells here, one located at the range of 20~30 km and the azimuth of − 30°or so. Another is located at the range of 30~40 km and the azimuth of − 10°approximately.
After using the thunderstorm identification algorithm, two thunderstorm cells are identified and their attributes are shown in Table 11 . The attributes of the components contained in thunderstorm cell 1 (thunderstorm cell whose serial number is 1 in Table 11 ) and thunderstorm 2 (thunderstorm cell whose serial number is 2 in Table 11 ) are showing in Tables 12 and 13 , respectively. From the last two tables above, thunderstorm 1 contains seven cell components. Since the strong echo region corresponding to this thunderstorm is already very small when the elevation angle reaches − 8°, the component no longer exists above − 8°. Thunderstorm 2 contains four components that exist in the elevation from − 12°to − 9°. This result is consistent with the echo image in Figs. 10 and 11 .
According to the attributes including EL, ACbeg, ACend, RCbeg, and RCend of the components contained in each thunderstorm cell, the position of these components is drawn on the echo map of reflectivity factor retaining more than 25 dBZ. And cell components corresponding to thunderstorm 1 and thunderstorm 2 are represented in red and blue respectively ( Fig. 12 ).
Combining tables and figures above, it can be found that thunderstorm 1 has the following characteristics. As Fig. 12 shows, the echo block area is large with a clear edge, and its internal structure is compact with local scatter. According to Table 12 , the DBZECmax of every component is above 50 dBZ and those at the middle-high part are close to 55 dBZ, indicating that strong convection exists. All the MC values are high and have the distribution characteristics of small bottom and large middle-high part, indicating the simultaneous existence of updraft and downward flow. And we can see from Table 11 , the BASE is about 3.8 km and the TOP is about 6.3 km, so thunderstorm 1 has a certain vertical spatial scale. The VIL value of thunderstorm 1 is 33.36 kg/km 2 , which has abundant liquid water content and may cause dangerous weather such as precipitation, hail, and thunderstorm gale. In summary, thunderstorm 1 is in the mature stage, so the aircraft should avoid in time during flying.
Meanwhile, characteristics of thunderstorm 2 also can be found from these tables and figures. The radar echo is blocky shape in Fig. 12 , with dense internal structure and clear edges, is obviously smaller than thunderstorm cell 1. The horizontal scale is small and the vertical scale is about 1.7 km, slightly larger than the horizontal scale, which can be evidenced by the BASE and the TOP in Table 11 and the MC in Table  13 . Besides, the MC values of all the components present a tower-like feature, indicating that updraft flow exists mainly at this moment. The maximum reflectivity factor is high as the DBZECmax of all components is nearly 50 dBZ. What can be found more from Table 11 is that the VIL value of the thunderstorm 2 is 7.14 kg/km 2 , which is a good instruction for that there has accumulated a certain liquid water content. If it continues to develop, it will be a mature thunderstorm and some weather phenomena such as precipitation will occur. To sum up, thunderstorm 2 is in the development stage, so the aircraft should pay attention to its development and defense in time.
Because cell components with smaller reflectivity factor threshold are discarded and only components with larger threshold are retained during the identification process, the marked component area does not include all the reflectivity factors larger than 25 dBZ. However, the no-echo area that thought to be the strong echo center of storm cells mentioned earlier in this section falls in the middle of the marked component area in Fig. 12 . In addition, the SCI algorithm was originally used to identify the centroid of the storm cell. So this consistency verifies that the thunderstorm identification algorithm is workable.
Finally, from Fig. 13 where are the PPIs of the Sband radar reflectivity factor at 05:00 UTC closest to the time of the X-band data, it can be found that there is an area of strong echo in 20~30 km marked by red circles. There are obvious distributions at 9 elevation angles. And from the PPI of 10.0°elevation, it can be seen that the maximum reflectivity is above 50 dBZ, indicating that this area is a thunderstorm cell in the mature stage. Not far from 30 km, there is a smaller strong echo area marked by blue circles and it is obviously distributed at 6 elevations from 1.6°to 10°. It can be seen from the PPIs of elevations 1.4°~4.4°that the maximum reflectivity is between 45 dBZ and 50 dBZ, indicating that it is a relatively small-scale thunderstorm. Since the S-band and Xband radar positions are only about 2 km away, there is a small gap in the echo position. But in general, this is consistent with the thunderstorm identification result obtained by algorithm proposed in this paper, which can further verify the correctness of the result and the reliability of the algorithm.
Conclusion
In this paper, by preset detection parameters of airborne weather radar, an airborne weather radar simulation model of reflectivity volume scan data is established. Using X-band ground-based weather radar volume scan data as the simulation data source, the reflectivity volume scan data of simulated airborne weather radar is obtained by interpolation and calculation.
Considering the attenuation of X-band Radar and the characteristics of thunderstorm cells, this paper studies a thunderstorm identification algorithm for the simulated airborne radar based on SCI algorithm and gives an example of thunderstorm identification. By analyzing the identified results and comprising with S-band radar data, it shows that the algorithm can effectively identify the thunderstorm cell in the sector scanning area in front of the plane, including not only the mature thunderstorm cell, but also those in the development stage with a certain scale. The algorithm also outputs some attributes of identified thunderstorm cells, including centroid position, the top height, the bottom height, VIL, et al., which is of guiding significance for aircraft flight avoidance and verifies the feasibility of the simulated airborne weather radar volume scan data simultaneously. However, this algorithm also lost a lot of information in the process of identification. As a result, it cannot show a complete figure of components very well. Only the location of thunderstorm centroid identified by SCI in the flight process is not conducive to judging the specific safe distance. And the experiment did not consider the influence of aircraft's moving speed on radar detection data, so it has certain limitations. Authors' contributions XW and RL proposed the airborne radar scan mode and study the thunderstorm identification algorithm. JL wrote the thunderstorm identification code and carried out identification experiments. JXH established the data transform model from ground-based to the airborne radar. GQW and ZLX conducted the X-band airborne weather radar data simulation. HJW analyzed the thunderstorm identification performance and improved the identification program. All authors read and approved the final manuscript.
